Much research is currently being performed with carbon nanotube additives to neat resin systems to enhance properties such as thermal and electrical conductivity, strength, modulus and damping. Fabrication of parts based on carbon nanotube filled resin systems requires information on their cure kinetics and rheology, which has been relatively less studied so far. This work presents an extensive experimental study that systematically characterizes the cure kinetics and viscosity as a function of degree of cure and temperature of EPON 815C/EPICURE 3274 epoxy resin system laden with carbon nanotubes. Studies are conducted to determine the effects of the carbon nanotube loading and morphology on the cure reaction as well as the viscosity of the resin system in the early stages of the cure process, as is relevant in most processing applications. The experimental measurements are presented as generalized correlations as functions of the carbon nanotube parameters, carbon nanotube loading, temperature, degree of cure, and shear rate.
INTRODUCTION
Nanocomposites based on a thermosetting resin reinforced with nanofillers such as nanoclays or carbon nanotubes have been studied quite extensively in recent years, for their promise of significantly improved properties. Specifically, nanocomposites with carbon nanotubes have been reported to reduce thermal expansion coefficient (Xu et al., 2006) while increasing thermal and electrical conductivities (Xu et al., 2006; Breuer and Sundararaj, 2004) , modulus (Breuer and Sundararaj, 2004; Schadler et al., 1998) , durability (Ajayan et al., 2000; Breuer and Sundararaj, 2004) and strength (Ajayan et al., 2000; Schadler et al., 1998; Breuer and Sundararaj, 2004) , while nanocomposites filled with nanoclays have been shown to improve toughness (Li et al., 2005) , increase the heat distortion temperature (Kojima et al., 1993b,a) and reduce the apparent activation energy of the cure reaction (Ton-That et al., 2004) . Motivated by these property enhancements, use of nanocomposites has been proposed for target applications such as electrostatically dissipative materials (Smith Jr. et al., 2004) , light weight aerospace structural composites (Njuguna and Peilichowski, 2004) , and vibration damped structural composites (Zhou et al., 2004; Koratkar et al., 2005; Johnson, 2007) .
Many of the studies reported in the literature have focused on quantifying the properties of the nanocomposites as a function of the nanofiller morphology and loading. Ajayan, et al., (Ajayan et al., 2000; Schadler et al., 1998) studied the use of single-walled and multi-walled carbon nanotubes as reinforcement in an epoxy matrix using Raman spectroscopy to measure the strain held by a carbon nanotube under load. Xu, et al., (Xu * Presently with ASML, Wilton, Connecticut, USA † Corresponding author. Email: pitchu@vt.edu; Phone: +1 540 231 1776 et al., 2006) measured the effects of single-walled carbon nanotubes on the thermal properties of a thermoplastic composite and found reductions in the coefficient of thermal expansion and increased thermal conductivity due to carbon nanotubes. Kim et al., (Kim et al., 2005) studied the effects of oxidation of multi-walled carbon nanotubes on the electrical conductivity of a carbon nanotube-epoxy composite and found increased conductivity of the nanocomposite as long as no damage to the multiwalled carbon nanotubes occurred during oxidation.
Experimental studies have shown that the strength of carbon nanotube composites is lower than that predicted by theory (Breuer and Sundararaj, 2004) , which may be due to the interfacial bond between the nanotube and the matrix. While one set of studies focus on improving the interface Velasco-Santos et al., 2003) , the weak interface has also been exploited for improving the damping characteristics of nanocomposites (Zhou et al., 2004; Koratkar et al., 2002; Rajoria and Jalili, 2005; Johnson, 2007) . A large volume of literature also exists on studying the properties of nanocomposites reinforced with nanoclays (Njuguna and Peilichowski, 2004) . Work on producing carbon nanotubes cost effectively has also been reported (Ohshima et al., 2001; Hofmann et al., 2004; Wang et al., 2002; Biró et al., 2003) , with the objective of commercial fabrication which can lead to future widespread use of nanocomposites.
Although several studies have focused on the properties of nanocomposites, fabrication of nanocomposites has been less systematically investigated. It is envisioned that as the property advantages of nanocompos-ites become well-established, processing of these composites will receive greater attention in an attempt to fabricate nanocomposite parts in a commercially viable way. Fundamentally, design of the fabrication processes will require information on the viscosity and cure kinetics of thermosetting resin systems with nanofillers. The temperature-and cure-dependent viscosity as well as the cure kinetics of catalyzed thermosetting resin systems without reinforcements is reported for a variety of resin systems (Lee et al., 1982; Ramakrishnan et al., 2000; Han et al., 1986) . However, the addition of nanofillers to the resin systems is expected to fundamentally alter their viscosity and cure kinetics: (1) the viscosity will not only be a function of temperature and the degree of cure, as in neat resin systems, but additionally of the shear rate, the nanofiller loading, and the nanofiller morphology; (2) the cure kinetics could be altered due to the presence of the nanofillers that are comparable in size to that of the crosslinking macromolecules, although whether the effect will be to promote or hinder the crosslinking rate needs to be established. Despite its fundamental significance, scant studies can be found in the literature on the characterization of the viscosity and cure kinetics of nanofilled resin systems. Xie et al. (2004 Xie et al. ( , 2005 Xie et al. ( , 2006 studied the cure kinetics characterization of epoxy resins reinforced with multiwalled carbon nanotubes and carbon nanofibes. They reported that the addition of multiwalled carbon nanotubes to epoxy resins led to an acceleration of the initial cure reaction rate whereas the time to the maximum reaction rate decreased with increasing carbon nanotube content (Xie et al., 2004) . Furthermore, the activation energy for the cure reaction was found to decrease with increasing carbon nanotube content. On the other hand, the inclusion of carbon nanfibers in epoxy was reported to have only a negligible effect on the initial reaction rates and the time to maximum reaction rate (Xie et al., 2005 (Xie et al., , 2006 . Abdalla et al. (2008) investigated the effect of carboxyl and fluorine surface modification of multiwalled carbon nanotubes on the cure behavior of epoxy resins with the modified carbon nanotubes, and reported that the activation energy and rate constant were not affected by the fluorine modification whereas the resins with carboxylated multiwalled carbon nanotubes exhibited an increase in the activation energy and a lower rate constant for the cure reaction. Fan and Advani (2007) measured the storage modulus, complex viscosity and the steady state viscosity of epoxy suspensions with multiwalled carbon nanotubes for different dispersion states, aspect ratios, concentrations and network structures, and orientation states. Zhamu et al. (2007) investigated the flow behavior and cure process of reactive graphitic nanofiber/epoxy materials, and reported viscosity models as function of temperature and time. Terenzi et al. (2008) reported on cure kinetics and rheological measurements for a 1 wt.% double walled carbon nanotube/epoxy system, and concluded that the addition of the carbon nanotubes led to speeding up of the cure reaction.
The objective of the present study is to systematically characterize the viscosity and cure kinetics of a carbon nanotube filled catalyzed epoxy resin system, toward establishing the fundamental information needed for processing of nanocomposites based on these materials. To this end, experimental measurements are reported on the effects of carbon nanotube morphology (single-walled and multi-walled), aspect ratio, and weight percentage in the resin on the viscosity and cure kinetics. Based on the experimental data, empirical correlations are developed for the first time, relating the viscosity as a function of the shear rate, the carbon nanotube parameters, the degree of cure and the temperature, and the cure rate as a function of the degree of cure, the temperature, and the carbon nanotube parameters. The empirical correlations will serve as basis for further studies on processing of nanocomposites. The experimental characterization studies are detailed in Section 2, followed by presentation of the results of the study and the correlations in Section 3. Table  1 , the MWCN diameters were nominally 15±5 nm or 30±15 nm and their nominal lengths were either 1-5 µm or 5-20 µm. The SWCN used in the study were produced using the arc process and had a purity of 20-40% (other materials included metal catalyst and amorphous carbon and carbon nanoparticles); their nominal diameter was ranged from 1.2-1.4 nm and their nominal length was in the range of 2-5 µm. The pSWCN fillers were treated to open their ends, and had a purity of up to 75%. Table 1 also lists the range of aspect ratios based on the nominal length and diameter values, for reference in the analysis of the results of the experiments. For each combination of carbon nanotube morphology, length, and diameter, three weight percentages of 0.1%, 0.3%, and 0.5% were considered. The sample preparation and experimental characterization are described in the following subsections.
Sample Preparation
Samples for both cure kinetics and viscosity experiments were prepared by a process of weighing, hand mixing, ultrasonic processing, and degassing. First, appropriate amounts of carbon nanotubes and EPON 815C resin were weighed using an Ohaus Explorer Pro precision balance (Ohaus Corporation, Pine Brook, NJ) and hand mixed in a sample vial. Next, the carbon nanotubes were dispersed in the resin using a Cole-Parmer 500 watt ultrasonic processor with a 1/4 in. tapered microtip. The ultrasonic technique was chosen based on its effectiveness in dispersing carbon nanotubes in resin systems, as reported in previous studies (Fan and Advani, 2007) . The microtip of the ultrasonic processor, driven by a (Table  1) ; (b) heat flow during isothermal scans at four different temperatures measured using differential scanning calorimetry on Sample 6 (Table 1) ; (c) conversion of the measured data in (b) to cure rate variation with the degree of cure; and (d) determination of the corresponding parameters of the cure kinetics equation (Eq. 1).
piezoelectric device, oscillated at 20 kHz and generated pressure waves that deagglomerated carbon nanotube clusters held together by van der Walls forces thereby promoting uniform dispersion. The sample vial was partially submerged in water bath to maintain a low temperature during processing and to avoid heat build-up that could degrade the resin. The end of the tapered microtip was submerged in the sample, taking care to ensure that the tip did not contact the sample vial and each sample was sonified for 2 hours at the minimum amplitude setting of 20% in a pulsed mode with the input being alternated on and off for one second duration each. Sonification in the pulsed mode further reduced the energy input rate to the sample to allow time for heat to dissipate to the water bath, and ensured that the sample temperature never exceeded 50
• C during processing. Finally, the sample was degassed in a vacuum chamber at 25 in. Hg for 30 minutes. Immediately prior to each individual experiment resin (with dispersed carbon nanotubes) and curing agent were measured using syringes with 10 µL divisions and thoroughly hand mixed at a 2.19:1 ratio (by volume) to make approximately 2 mL of total sample. These prepared samples were utilized in the cure kinetics and viscosity experiments as outlined in the following sections.
Cure Kinetics Characterization
The cure kinetics of the catalyzed epoxy resin with and without carbon nanotubes were characterized using a differential scanning calorimeter (DSC) (Model: DSC 2920 from TA Instruments, New Castle, DE). For each experiment, a small amount of the epoxy-curing agent-carbon nanotube mixture was placed in a sample pan, crimp-sealed, and weighed. The samples were tested under a dynamic (nonisothermal) condition as well as several isothermal conditions. In the dynamic measurements, the sample was placed in the DSC chamber, and the temperature was ramped at a rate of 10
• C/min from room temperature to 225
• C, where the reaction was seen to be complete. For each sample subject to an isothermal scan, a secondary nonisothermal scan was conducted to ensure that there was no residual reaction, thus confirming that the sample was cured completely under the isothermal conditions. The exothermic heat flow rate during the experiment was measured as a function of time, as illustrated in Fig. 1(a) for an example case of Sample 6 in Table 1 ; the heat flow rate initially increases rapidly, reaches a peak and drops to zero. The area under the bell-shaped heat flow curve, denoted by the shaded region in Fig. 1(a) , represents the heat of the reaction, ∆HR.
Isothermal measurements of heat flow were performed on the 19 different samples at four different target temperatures of 80
• C, 90
• C, 100
• C, and 110
• C to determine the temperature-dependent reaction rate. In these experiments, the DSC chamber was preheated to the desired isothermal temperature before placing the sample in the chamber for the heat flow measurements. Figure 1(b) presents the measured heat release for Sample 6 for the four different temperatures, where it is noted that (Table 1) and (b) a close-up view of the boxed region in (a) to illustrate the shear-rate-dependence of the viscosity.
the reaction gets progressively faster with higher peak heat flow values as the temperature increases. Note that the brief endotherm (negative heat flow values) at the beginning of the measurements corresponds to the initial energy flow into the sample when it is placed in the isothermal DSC chamber; this data is disregarded in the exothermic heat flow calculations and the time for the cure reaction was measured from the point when the heat flow crossed the value of zero. It was also verified that the area under each of the isothermal heat flow curves was close to the heat of the reaction value obtained from the dynamic scan data. The isothermal heat flow measurements were converted to cure rate (dε/dt) values by dividing the heat flow rate,Q, [ Fig. 1(b) ] by the heat of the reaction, ∆HR.
Integrating the time-dependent cure rate plot from the initial time (t = 0) to any time, t, yields the degree of cure, ε(t). Figure 1 (c) presents the variation of cure rate with the instantaneous degree of cure, ε(t), based on the isothermal heat flow plots in Fig. 1(b) . The plots of cure rate variation with the degree of cure were expressed in terms of an empirical correlation of the form below, which has been used to describe the cure kinetics of EPON 815C/EPICURE 3274 system previously (Ramakrishnan et al., 2000) dε dt
K
For each temperature, the values of K, m, and n were determined through a nonlinear regression of the corresponding data in Fig. 1(c) , using the following weight function, W , that emphasized fitting of the rapidly changing data near the peak cure rate.
As is commonly observed for autocatalytic reactions (Opaliki et al., 1996; Ramakrishnan et al., 2000; Han et al., 1986; Kamal and Sourour, 1973) , the values of m and n were determined to be such that m + n = 2. From the values of K for the four different temperatures, the frequency factor, K0, and the activation energy for the cure reaction, E, were obtained from a semi-log plot of K with respect to the inverse of the absolute temperature (in Kelvin), as shown in Fig. 1(d) ; the slope of a linear regression fit through the data in Fig. 1(d) represents −E/R and the intercept on the vertical axis denotes ln(K0).
The kinetics parameters, K0, E, m and n were determined for all the samples listed in Table 1 following the methodology presented above. The effect of the carbon nanotube parameters on the cure kinetics is discussed in the section on presentation of results.
Viscosity Characterization
Viscosity of the 19 samples in Table 1 was measured dynamically throughout the cure process using a Brookfield CAP 2000+ cone-and-plate viscometer (Brookfield Engineering, Middleboro, MA) with the goal of characterizing the viscosity as a function of degree of cure, temperature, shear rate, carbon nanotube filler content, morphology, and carbon nanotube aspect ratio. The viscometer has a temperature controlled plate to allow for the required range of elevated temperature, isothermal tests. The CAP-01 cone with a 0.45
• cone angle and a 1.511 cm radius was used for the measurements which allowed for a small sample size (< 100 µL), thereby reducing the amount of carbon nanotubes used in the experiments. The cone angle of 0.45
• corresponds to a central portion of the circular plate area being subject to possible dry contact between the cone and plate through a carbon nanotube oriented on its end. This central area of possible dry contact was calculated to be 2.8% of the total plate area for the largest carbon nanotube and less than 0.007% for the smallest carbon nanotube length considered in the experiments. The minimal values of the dry contact area suggest that the viscosity measurements were not significantly affected by the carbon nanotube interactions with the surfaces of the viscometer cone and plate.
The epoxy-carbon-nanotube sample prepared following the steps in Section 2.1 was hand-mixed with the curing agent, and a drop of the mixture was immediately placed on the preheated viscometer plate. Four isothermal temperatures of 30, 45, 60 and 75
• C were considered in the experiments. The shear rate for the experiment was set by adjusting the rotational speed of the cone. An initial rotational speed was set at the beginning of each measurement run based on the torque being within the range of the viscometer. As the resin mixture cures, its viscosity and, correspondingly, the torque increase. In order to keep the torque values within the limits of the viscometer, the rotational speed was reduced periodically during each measurement run. Thus, each run consisted of a series of piecewise constant shear rates, and each jump in the shear rate provided for extracting the shear-dependence of the viscosity. Data collection was automated and carried out using the Brookfield CapCalc software (Brookfield Engineering, Middleboro, MA) to record the history of viscosity, shear rate, and temperature during each measurement run. Figure 2 shows the results of these measurements for the example case of Sample 6 in Table 1 with 0.3 wt.% 15 nm diameter 1-5 µm length multi-walled carbon nanotube filler. Figure 2(a) shows the expected trend of viscosity decreasing with increasing temperature at zero time (or zero cure) and the increase in viscosity as a result of increasing cure (increasing time). Figure 2 (b) represents a magnified image of the boxed region in Fig. 2(a) and illustrates the piecewise constant shear rate values in the time range of the measurements shown. Note the jump in measured viscosity at times of discrete changes in the shear rate depicting the non-Newtonian shear-thinning characteristic of the carbon nanotube filled resin system. The shear-thinning rheology of resins with carbon nanotubes is consistent with the observations of Fan and Advani (2007) as well as the rheology of other particle-filled systems in the literature (Kordon et al., 1993) . From the recorded temperature history, the corresponding degree of cure history was calculated using the cure kinetics model discussed in Section 2.2. Thus, the viscosity data were obtained as a function of time, temperature, shear rate, and degree of cure.
An empirical correlation for viscosity as a function of temperature and degree of cure suggested for epoxy resin systems in the literature (Advani, 1994) is modified here to include additionally the power law dependence on shear rate, and is expressed as follows:
Here, η is the viscosity of the resin system, T is the temperature in Kelvin, ε is the degree of cure discussed in Section 2.2,γ is the shear rate, Eη is the activation energy, and R is the universal gas constant. The term denoted as M represents the consistency index as a function of temperature and degree of cure, in which A and B are empirical constants. The term n1 represents the power law exponent, which is expected to be less than unity based on the shear-thinning characteristic observed in Fig. 2(b) . At each instance the shear rate was changed (see Fig. 2(b) ) a value of the power law exponent, n1, was computed assuming the change in viscosity across the jump in shear rate is purely attributable to the change in shear rate. Values of n1 were seen to be similar for all instances of shear rate change corresponding to a particular sample and the average of these values was used as n1 for the correlation. The consistency index, M , was then determined for each data point corrispondng to a particular sample and temperature, based on a re-expression of Eq. 3 as:
This yielded consistancy index, M , values for a particular sample as a function of temperature, T , and degree of cure, ε. Figure 3(a) shows a semi-log plot of the consistency index as a function of the degree of cure for the four studied temperatures. Note that the least squared linear regression of the data (solid line) has a constant slope for all temperatures, which corresponds to B, and the intercepts correspond to ln (A) + Eη RT
. The values of A and Eη are, in turn, determined by a linear least-squared regression fit of the intercepts as a function of the inverse of the temperature as shown in Fig. 3(b) where A is the exponential of the intercept and Eη is obtained as the product of the universal gas constant and the slope.
The values of A, B, Eη, and n1 determined through the foregoing approach completely characterize the viscosity as a function of cure and temperature of the resin system with carbon nanotube fillers. The measurements were conducted for all the samples listed in Table 1 , and the parameters were determined. The effects of the carbon nanotubes on the viscosity are discussed in the following section.
RESULTS AND DISCUSSION
The cure kinetics and viscosity of the resin systems filled with carbon nanotubes are characterized by their respective sets of parameters: ∆HR, K0, E, m and n; and A, B, Eη, and n1. The variation of these parameters with carbon nanotube loading, morphology, and aspect ratio is examined in this section. Furthermore, the correlations for cure kinetics (Eq. 1) and viscosity (Eq. 3) are generalized to incorporate the effects of the carbon nanotube parameters.
Cure Kinetics
The differential scanning calorimetric measurements on the 19 samples resulted in the heat of the reaction values, ∆HR, from about 315 J/g to about 360 J/g, with no distinct trend with respect to the carbon nanotube loading, aspect ratio, or morphology. This suggests that the carbon nanotubes do not affect the exothermic heat release from the reaction, and an average value of 349.6 J/g from the 19 experiments is taken to be the heat of the reaction for the samples. Similarly, the presence of the carbon nanotubes was found to have minimal effect on the shape parameters, m and n, which were taken to be the values corresponding to the neat resin sample (Sample 1 in Table 1 ): m = 0.207 and n = 1.793. Figure 4 (a) presents the variation of the cure reaction rate constant, K, with the carbon nanotube loading for the four different temperatures studied, based on the measurements on the 19 samples. The various markers at each temperature and carbon nanotube loading correspond to the different aspect ratios and morphologies considered. Since there was no discernible trend with respect to the aspect ratio or morphology, an average of the rate constants for all the aspect ratios and morphologes Table 1. corresponding to each combination of temperature and carbon nanotube loading was used to investigate the trend in the reaction rate with increasing carbon nanotube loading. It is seen that the reaction rate is generally enhanced by the addition of carbon nanotubes, and that the magnitude of the enhancement is more pronounced at the higher temperatures. The temperature-dependent increase in the reaction rate is modeled in this study through a decrease in the activation energy for the reaction with increasing carbon nanotube content while keeping the frequency factor K0 to be independent of the carbon nanotube loading. Accordingly, a modification to the standard cure kinetics model (Eq. 1) is proposed to describe the effect of the carbon nanotube loading on the reaction kinetics as follows:
K where K0 and E are the frequency factor and the activation energy of a neat resin/catalyst sample without any added carbon nanotubes (Sample 1 in Table 1 ), which were determined to be 6.83×10 6 1/s and -64.672 kJ/mol. In Eq. 5, ω represents the carbon nanotube loading expressed as a weight fraction. The values of m and n are those given earlier in this Fig. 5 Validation of the generalized cure kinetics model (Eq. 5) with the measured data for Sample 6 (Table 1) illustrating the high degree of model accuracy.
subsection. The term E (1 − ω) 2.5 in the modified cure kinetics relationship above is obtained through an empirical fit of the reaction rate data determined from experiments, and reflects the decrease in the activation energy with increasing carbon nanotube loading, a trend also reported for nanoclay filled systems (Ton-That et al., 2004) . Furthermore it is seen that for ω = 0, the generalized equation defaults to the kinetics for an unfilled resin-catalyst system (Eq. 1). Figure 4 (b) compares the prediction of the rate constant using the expression for the term K identified in Eq. 5 with the individually determined rate constants for all the samples studied. The solid line diagonal to the plot frame is the line of exact agreement and the dashed lines denote the 15% error bands. It is seen that the predictions of the rate constant obtained using the expression for K in Eq. 5 are accurate to within 15% in almost all cases. The predictions of the cure rate,ε = dε/dt, obtained using the generalized correlation, Eq. 1, is shown in Fig. 5 for an example case with multi-walled carbon nanotube fillers (Sample 6 in Table 1 ). It is evident that the cure rate is also accurately predicted as a function of cure for all the temperatures. The correlation given by Eq. 5, and the associated parameter values, therefore, forms a reliable basis for modeling the cure of the carbon nanotube filled epoxy resin system considered in the study, incorporating the effects of the carbon nanotubes on the reaction.
Viscosity
The power law exponent, n1, and the consistency index, M , including its constituent parameters, A, B, and Eη, in Eq. 3 were determined for all the 19 samples listed in Table 1 following the procedure outlined in Section 2.3. Based on the results for the various Samples with different carbon nanotube parameters, the power law exponent, n1, was found to decrease with increasing concentration of the carbon nanotubes suggesting an increased shear-thinning behavior with increasing carbon nanotube content, as is commonly expected for particulate filled systems (Kordon et al., 1993) . However, no distinct trend was observed with either the aspect ratio or the morphology of the nanotubes. The exponent was found to correlate well with the carbon nanotube weight fraction, ω, as:
where the constant was determined through a least-squares fit of exponent values with ω. Note that the form of the correlation is consistent with that used to represent the shear-thinning behavior with particulate volume fraction in ceramic slurries, reported in (Kordon et al., 1993) , and Weight fraction dependence of the viscosity of (a) multi-walled carbon nanotubes (Samples 2-13 of Table 1 ) and (b) single-walled carbon nanotubes (Samples 14-19 of Table 1 ).
is such that the Newtonian behavior of unfilled catalyzed resin system is recovered for ω = 0. The consistency index values of the 19 samples indicated an increase with the carbon nanotube weight fraction, ω, for a given degree of cure, ε, and temperature, T . In order to characterize the weightfraction-dependence, the variation of M with the weight fraction was represented as M = ηo · f (ω), where ηo is the viscosity of the unfilled resin-catalyst system (Sample 1 in Table 1 ), ηo = A exp(Eη/RT + Bε), and f (ω) is the dependence of the consistency index on the weight fraction of the carbon nanotubes, such that Eq. 3 can be expressed as: M = ηo · f (ω) ·γ n 1 −1 . Figure 6 (a) shows a plot of f (ω), the measured viscosity values for the multi-walled carbon nanotube samples (Samples 2-13 of Table 1 ) scaled with respect to ηo ·γ n 1 −1 , as a function of the weight fraction of the carbon nanotubes, ω. In determining f (ω), the expression for n1 given by Eq. 6 was used. Also included in Fig. 6(a) is Sample 1 corresponding to ω = 0, and the various markers for each weight fraction denote the different aspect ratios of the multi-walled carbon nanotubes.
The monotonically increasing trend of f (ω) was expressed using the function exp(Kηω/(1 − ω)), which mimics the form of the Mooney equation commonly used to model the rheology of particulate suspensions (Nielsen and Landel, 1994) with the modification that the carbon nanotube weight fraction, a more easily measurable quantity for carbon nanotubes, is used here instead of the particulate volume fraction in the Mooney equation. The solid line in Fig. 6 denotes this exponential form and is seen to correlate well with the measured data. The value of the coefficient, Kη, was determined through a least-squares regression of the data. A similar plot (Fig. 6(b) ) for the set of single-walled carbon nanotube (SWCN and pSWCN) samples, Samples 14-19 in Table 1 , was constructed to determine the corresponding value of the coefficient, Kη.
Based on the foregoing representation of the dependence of the consistency index and the power law exponent on the carbon nanotube parameters, the viscosity is expressed in a generalized form as:
in which: A = 6.16×10 −11 Pa·s; B = 3.76; Eη = 55.947 kJ/mol; Kη = 170 (MWCN) or 148 (SWCN and pSWCN) . The coefficient, Kη, being different for the MWCN and the SWCN/pSWCN samples suggests the aspect ratio dependence of the viscosity. Since the aspect ratio values were not reliably known, no attempt was made to establish a quantitative relationship with the aspect ratio. Table 1 shows that the single-walled carbon nanotubes nominally had a higher aspect ratio range relative to the multi-walled carbon nanotubes. The lower Kη value for SWCN/pSWCN points to a better alignment of the larger aspect ratio single-walled carbon nanotubes in the shear flow leading to a lower viscosity, although further studies are warranted for a conclusive determination.
The viscosity prediction by the generalized correlation in Eq. 7 is shown in Fig. 7(a) where the measured and predicted viscosity values are plotted as a function of time for Sample 6 in Table 1 . The experimental data (dashed lines) correspond to the raw measurements from the viscometer. For each time corresponding to the experimental measurement, the degree of cure was computed using the generalized cure kinetics equation, Eq. 5, and was used along with the temperature and shear rate values in Eq. 7 to obtain the viscosity prediction. The viscosity values predicted by Eq. 7 are indicated by the solid lines in Fig. 7(a) , for degree of cure, ε < 0.4. Note that the predicted values match the experimental data well as a function of: temperature, as seen by the four isothermal curves, time (or equivalently degree of cure), as seen by the variation across the plot, and the shear rate, as seen by the discrete jumps in the viscosity values at the points of shear rate reduction in the experiment.
The overall accuracy of the general viscosity equation (Eq. 7) for all the samples and measurement conditions considered in this study is summarized in Fig. 7(b) where the predicted viscosity using Eq. 7 is plotted against the experimentally measured viscosity for degree of cure values less than 0.4. The solid diagonal line is the line of exact agreement and the dashed lines represent the ±15% error bands. Figure 7 (b) represents over 25,000 measured viscosity data points, of which more than 90% fall within the 15% error bands. The generalized viscosity equation given Eq. 7, therefore, represents a reliable viscosity model for evaluating the viscosity of the carbon nanotube filled epoxy resin system considered here. The generalized viscosity model given by Eq. 7 is demonstrated to be valid over the range of measurements considered in this study namely, carbon nanotube weight fraction up to 0.5%; temperatures between 25-75
• C; degree of cure below 0.4 (which represents pre-gelation conditions of the resin-catalyst system); and shear rate in the range 1,333-10,666 s −1 . The primary objective of the present study was to investigate the chemorheology and the cure kinetics of resin systems with carbon nanotube suspensions, for use in composites processing applications, such as via liquid composite molding. To this end, carbon nanotube content of up to 0.5% was considered in the experimental studies and in the model development. The validity of the generalized cure kinetics model (Eq. 5) as well as the generalized viscosity model (Eq. 7) outside of the present range of the measurements may be established in a future study.
CONCLUSIONS
An extensive experimental study was conducted to determine the cure kinetics and viscosity characteristics of EPON 815C/EPICURE 3274 resincatalyst system with carbon nanotube fillers, over a range of carbon nanotube loading, morphology, and aspect ratios. The study revealed that the heat of the cure reaction as well as the shape parameters of the cure kinetics expression were unaffected by the presence of the carbon nanotubes, whereas the reaction rate constant increased-specifically, through a decrease in the activation energy-with the addition of carbon nanotubes. Viscosity measurements indicated that the addition of carbon nanotubes to resin systems increases the viscosity and introduces a distinct shearthinning rheology, with the shear thinning effect being greater with increasing carbon nanotube content. Generalized models for the cure kinetics and the vicosity of the carbon nanotube filled resin system were presented and validated. The models provide a foundation for further studies on the processing of carbon-nanotube-reinforced nanocomposites.
